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Abstract-—A dual catalytic fixed-bed reactor packed with two layers of vanadia-titania catalyst having non-uniform ac-
tivities is used as a fixed-bed reactor for oxidation of o-xylene by air into phthalic anhydride. Unsteady-state and two di-
mensional pseudohomogeneous model describing the dual catalytic fixed-bed reactor is simulated by using finite element
method. We simulated fluid temperature profile and its corresponding concentration and coolant temperature profiles of the
dual-catalytic fixed-bed reactor on the basis of the temperature profile measured from the reactor of the process producing
phthalic anhydride in an industrial plant at the same operating conditions. We compared temperature, concentration and
coolant temperature profiles of a uniform catalytic fixed-bed reactor with uniform activity with the standard(measured) pro-
file and with the temperature profile of the dual-catalytic fixed-bed reactor at the same operating conditions. Model pre-
diction of dual-catalytic fixed-bed reactor is in good agreement with experimental data over the entire range of the tem-
perature profile, and uniform catalytic fixed-bed reactor generated higher temperature rise than non-uniform catalytic fixed-
bed reactor in the hot spot region. Consequently, the dual-catalytic fixed-bed reactor with activity-profiled plays a decisive
role to suppress excessive temperature rise of hot spot which is occurred in the uniform catalytic fixed-bed reactor, and it
predicts safe operation of the reactor.
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Fig. 1. Industrial multitubular fixed-bed reactor for phthalic anhy-
dride production.
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Fig. 2. Cross section of phthalic anhydride synthesis reactor.
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Fig. 3. An example matrix entries for 6 node.
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Fig. 4. Matrix entries for the example mesh corresponding to Fig. 3.
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Table 1. Explicit equation for the matrix entries corresponding to
Fig.3
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Fig. 5. Axial temperature and yield profiles for profiled-catalytic ac-
tivity(yield=78.92 %, conversion=98.29 % with F,=1.0, F,=2.0;
air/o-x=20: 1; initial temp.=354.2 °C).
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Fig. 6. Axial temperature and yield profiles for uniform catalytic ac-
tivity(yield=84.43 %, conversion=94.32 %, F,=1.0, F,=1.0, air/
0-x=20: 1, initial temp.=345.2 °C).
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Table 2. Parameters and their values for model simulation

Operation condition  Inlet temperature T, 160-180 °C

Inlet pressure P, 500 MBG

Flow rate of feed '3-6 Nm’/hr

Outlet temperature 356/365 °C

Inlet concentration 3-6 wt% of

o-xylene in air

Gas phase specific heat 1.134(kJ/kg-K)

o-Xylene/air ratio 1:(16-20)

Salt temperature 350-370 °C
Catalyst Upper layer height

of the catalyst bed 14m

Lower layer 1.18m

Tube diameter 0.025m

Tube length 3.20m

Number of tubes 20,000

Bed porosity 0.7

Bulk density 2600 kg/m®
Coolant Specific heat 1.567kJ/kg-K

Density 1760 kg/m®

Inlet temperature 340-370 °C

Outlet temperature 345-375°C

Flow rate 6000-10000 m*/hr
Heat of reaction AH, 1.125 E6 kJ/kmol

AH, 3.276 E6 kJ/kmol

AH, 6.514 E6 ki/kmol
Reactor size Cross section area of ring 25.57m’

Cross section area of tubes  13.3 m’

Coolant flow area 123m*

Heat transfer length 1832m

Heat transfer area 149m™!
per unit volume

Table 4. Comparison between measured and predicted values for

dual catalyst system
Upper layer Lower layer

Hot spot °C] observed 423.40°C 373.10°C

predicted 423.87°C 373.25°C
Conversion|{%] observed 99.99

predicted 98.29
Selectivity[%] observed 78.80

predicted 80.29
Yield[%] observed 78.80

predicted 78.92
Relative activity-profiled predicted 1 2

Z302 HA A A8 239 Al oF) faled o e
Table 40l] =531t} 0|5 Enj3e] A AT Rz wks &%
Ale] 1k & Akl F3he F E0122] A% QRH(activity
factor)?] F,3} F,2 % 2] s}gic}.

o] thE V,0,-TiO, 0|5 EulZell2] 7]l )3 o-xylened]
AbsE uhgo 2 RE] FpIeile A FsHs 49 o]F3E v uke
719l 2dAlE Table 29} 3] 30131 22 2%} wj7) W4ZHEL
o] §-3lo] AA PA Az TS koA HAg L5 B
A AE LA HHE-Ee] 2xol Fr B 2 Yujo] &% By
Fig. 5¢} 73},

¥71/o-xylene ¥]E 20: 1, %S 4.0Nm’hr, 28] 7 §9] ¥LSE
9] X8 35420 °CE 3}o] PA A= EAtelA] o-xylene2] #13}-g-0)

Table 3. Estimated parameters from model simulation

Upper layer Lower layer
Arrhenius type rate constant ky,=2.154 % 10° ko;=4.304 % 10°
[s™1 =2.411x 10* ,=4.817x 10°
ky3=9.026 % 10’ ko=1.803 x 10°
Activation energy of reaction E,=8.468x 10 E;=8.468x 10*
[KJ/kmol] E,=8.848x 10" E,=8.848x10*
E.=8.971x10" E;=8.971x 10*
Radial thermal diffusivity 9.35x10°° 9.35% 1073
[K¥/m-s-K]
Overall heat transfer coefficient 2.0 20
[KJ/m*-s-K]
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Table 5. Comparison of activity changes for single catalyst system

Table 6. Comparison of simulated data due to catalyst deactivation

F=F=F=10  F=F=F=124
Hot spot[°C] predicted[C} 417.62°C 459.55°C
Conversion[%] predicted[°C] . 9432 97.74
Selectivity[%] ~ predicted[°C] 89.51 80.49
Yield{%]) predicted[°C] 84.43 78.68
Relative activity-profiled predicted 1.0 1.24
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Fig. 7. Axial temperature and yield profiles for uniform catalytic ac-
tivity(yield=78.68 %, conversion=97.74 %, F,=1.24, F,=1.24, air/
0-x=20: 1, initial temp.=354.2 °C).
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13 months 414.00 373.85 9752 8133 092 1.97
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Fig. 8. Changes of temperature profiles for catalyst deactivation in
a dual-catalytic fixed-bed reactor.
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Fig. 9. Unsteady to steady state temperature profiles.
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: heat transfer area per unit volume [m™']

w

: dimensionless adiabatic temperature rise of reaction 1

&

: dimensionless adiabatic temperature rise of reaction 3
: Biot number

: concentration of o-xylene [kmol/m’]

: inlet concentration of A [kmol/m’]

: concentration of phthalic anhydride [kmol/m’]

: specific heat [kJ/kg-K]

: dimensionless volumetric heat capacity

: Damkéhler number(i=1, 2, 3), defined in Eq. (11)

: diffusion coefficient [m’/s], defined in Eq. (11)

: particle diameter [m]

: activation energy of reaction i(i=A, B, C) [kJ/kmol]
: relative activity

—AH)) : heat of reaction i [kJ/kmol]

: Arrhenius type rate constant(i=1, 2, 3) [s ']

: pre-exponential factor(i=1, 2, 3) [s"']

: reactor length [m]

Pe, :radial heat Peclet number, defined in Eq. (9)

Pe,, : radial mass Peclet number, defined in Eq. (11)

: gas constant [kJ/kmol - K]

: radius of reactor tube [m]

ow

noop

CrrTTmeDyY

»

: radius coordinate {m]
: rate of i-th reaction(i=A, B, C) [kmol/m’-s]
: temperature [K]
: temperature of coolant [K]
: inlet fluid temperature [K]
: time [s]
: overall heat transfer coefficient [w/m’ K]
: coolant velocity [m/s]
v, fluid velocity [m/s]
u, :inlet fluid velocity [m/s]
" : dimensionless fluid velocity

cmHAAr

[~
£

Y, :mole fraction of oxygen
z  :axial coordinate [m]

az|ojA 2X}

: dimensionless time, defined in Eq. (19)

: dimensionless temperature, defined in Eq. 19)

: dimensionless coolant temperature, defined in Eq. (19)
: dimensionless concentration of A, defined in Eq. (19)
: dimensionless concentration of B, defined in Eq. (19)
: void of bed

: dimensionless radius coordinate, defined in Eq. (19)

: density [kg/m’]

: effective radial thermal conductivity [k)/m-s-K]

: Arrhenius number, defined in Eq. (19)

n-§

: dimensionless axial coordinate, defined in Eq. (19)
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: o-xylene

: phthalic anhydride
: coolant

: effective

: fluid
:AB,Corl,2,3
: initial

: mixture

: solid
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